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Indian Standard 

CODE OF PRACTICE FOR 
DESIGN OF TUNNELS CONVEYING WATER 

PART V STRUCTURAL DESIGN OF CONCRETE LINING 
IN SOFT STRATA AND SOILS 

0. FOREWORD 

0.1 This Indian Standard ( Part V) was adopted by the Indian Standards 
Institution on 25 February 1972, after the draft finalized by the Water 
Conductor Systems Sectional Committee had been approved by the Civil 
Engineering Division Council. 

0.2 Water conductor system occasionally takes the form of tunnels through 
high ground or mountains, in rugged terrain where the cost of surface pipe 
line or canal is excessive and elsewhere as convenience and economy 
dictates. This standard, which is being published in parts, is intended to 
help the engineers in design of tunnels conveying water. This part lays 
down the criteria for structural design of concrete lining for tunnels in soft 
strata and soils, covering recommended methods of design. However, in 
view of the complex nature of the subject, it is not possible to cover each 
and every possible situation in the standard and many times a departure 
from the practice recommended in this standard may be necessary to meet 
the requirements of a project' and/or site for which discretion of the 
designer would be required. Some such situations in which special 
investigations will be required are given below: 

a) Where swelling and squeezing types of rocks subject to internal 
tectonic stresses are met; 

b) Where high temperature carbonate formations are met, which 
may produce carbon dioxide; 

c) Where large variations in formation temperatures exist in 
different sections of a tunnel; and 

d) Where anhydrite formations are met which may show expansion 
sometimes about 30 percent of their volume on becoming wet, 

0.3 Other parts of this standard are as follows: 
Part I General design. 
Part II Geometric design. 
Part III Hydraulic design. 
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Part IV Structural design of concrete lining in rock, and 
Part VI Tunnel supports. 

0.4 For the purpose of deciding whether a particular requirement of this 
standard is complied with, the final value, observed or calculated, express- 
ing the result of a test or analysis, shall be rounded off in accordance with 
IS : 2-1960*. The number of significant places retained in the rounded 
off values should be the same as that of the specified value in this 
standard. 



1. SCOPE 

1.1 This standard ( Part V) covers the criteria for structural design 
of plain and reinforced concrete lining for tunnels and shafts in soft strata 
and soils mainly for river valley projects. 

Note -The provisions may, nevertheless, be used for design of tunnels for roadways, 
railways, sewage and water supply schemes! provided that all factors peculiar to such 
projects as may affect the design are taken mto consideration. 

1.2 This standard, however, does not cover the design of steel and 
prestressed concrete lining, the design for concrete lining in swelling and 
squeezing rocks subject to internal tectonic stresses and design for seismic 
jforces. 

2. TERMINOLOGY 

2.0 For the purpose of this standard the following definitions shall apply. 

2.1 Soft Strata — Strata of rocks which are soft either by their nature, 
usually sedimentary and metamorphic or which have become soft due 
to alternation and/or shearing, crushing and intensive jointing and which 
require supports to be installed within a very short period of excavation, 
but which cannot be easily excavated by hand tools. 

2.2 Soils — Decomposed and disintegrated rocks which require support 
immediately after and/or during excavation and can be excavated by hand, 
tools. 

2.3 Minimum Excavation Line (A-Line) -A line within which no 
unexcavated material of any kind and no supports other than permanent 
structural steel supports shall be permitted to remain. 

Note — Where due to the nature of strata structural steel supports are essential the 
minimum excavation line may be at least75 mm behind the outer flange of the support 
to accommodate permanent lagging and/or primary-concrete. 



*Rules for rounding off numerical values( «»««(/). 
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2.4 Pay Line ( B-Line ) — An assumed line ( beyond A-line ) denoting 
mean line to which payment of excavation and concrete lining is made 
whether the actual excavation falls inside or outside it. 

Note — The distance between A and B-lines shall be decided by contracting 
authority. 

2.5 Primary Lining — A concrete lining laid j&mediately after excava- 
tion and installation of steel supports. This may cover the full section 
excavated or part section depending on conditions of strata. This may be 
plain in situ concrete or precast concrete segment; or cast iron segments 
packed with concrete or grout. 

2.6 Final Lining — It is the concrete between 'primary lining and the 
finished line of the tunnel. 

2.7 Cover — Cover on a tunnel in any direction is the distance from the 
tunnel profile to the ground surface in that direction. However, where the 
thickness of the overburden is sizable it's equivalent weight may also be 
reckoned provided that the rock cover is more than three times the 
diameter of the tunnel. 

3. MATERIALS 

3.1 Plain and reinforced cone "ite shall generally conform to IS : 456-1964*. 

4. GENERAL 

4.1 The design of tunnel linings requires a thorough study of the geology of 
the strata to be pierced by the tunnel, the effective cover and a knowledge 
of the stress strain characteristics, state of stress, etc. It is recommended 
that a critical study of all these factors be made by test borings, drifts, pilot 
tunnels or other exploratory techniques. The design of tunnel linings also 
requires a -critical study of the external and internal loading conditions 
stresses prior to excavation and their redistribution after excavation. On 
account of anisotropy of strata and other variables and indeterminate 
factors, the designer should make a reasonable assessment of the loading 
conditions taking all the factors into consideration. In soft strata tunnels, 
besides the above data, it is essential for the designerto have a knowledge 
of the method of construction which is practicable and economical. The 
development of loads, in soft strata, is dependent on the size and shape 
of the tunnel and the methods of construction and time lag between 
excavation and support. The design should aim at simplicity of 
construction. 

4.2 It is essential for the designer to have a fairly accurate idea of the 
seepage and the presence or absence of ground water under pressure likely 



•Code of practice for plain and reinforced concrete! «w«rfM«itJwii). 
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to be met with. Where heavy seepage of water is anticipated, the designer 
shall make provisions for grouting with cement and/ or chemicals or extra 
drainage holes and alsoconsiderthefeasibility of providing steel lining, if 
necessary. It is recommended that such designs of alternative use of steel 
lining be made with the design of plain- reinforced lining, so that the design 
is readily available should the construction personnel require it, when they 
meet unanticipated conditions. 

4.3 Pressure tunnels with high hydrostatic loads shall have concrete lining 
reinforced sufficiently to withstand bursting, where inadequate rock cover 
and unstable ground conditions pvsvail. Generally, a pressure tunnel 
should have a reinforced lining if the cover is less than the internal pressure 
head. In such cases even the provision of a steel plate liner should be 
considered. If reinforced concrete Ijning is adopted, the stresses in 
reinforcement shall be checked to avoid excessive crack width in the 
concrete as these may lead to seepage from the tunnel into the strata 
endangering its stability. Thefinal choicewould, however, beguided by 
the geological set up, practicability and economics. The provision of steel 
liner shall also be considered where high velocity cavitation or erosion of 
the lining is expected due to high velocity of water. 

4.4 Detailed structural analysis and model studies shall be made for design 
of junctions and transitions for tunnels. Such transitions are difficult to 
construct in the restricted working space in tunnels and this aspect shall be 
kept i n view so that the proposed structures are easy for construction. 

4.5 An adequate amount of both longitudinal and circumferential 
reinforcement may be provided near the portals of tunnels to resist loads 
resulting from loosened rock headings or from sloughing of portal cuts. The 
length to which such reinforcement should be provided depends on the 
nature of the rock ( extent of disintegration, stratification, etc) and the 
"nature and probable behaviour of the overburden near the portal face. 

5. LOADING CONDITIONS 

5.1 General — The design shall be based on the most adverse combination 
of probable load conditions, but shall indudeonlythoseloadswhich have 
reasonable probability of simultaneous occurrence. 

5.2 Load Conditions — Thedesign loading applicableto tunnel linings 
shall be classified as normal and extreme design loading conditions. 
Design shall be made for normal loading conditions ( see Appendix A ). 
The design loading shall be as follows: 

a) External Strata Loads ( see 7.7 ) 

b) Self Load of Lining 

c) External Water Pressure 

1) Normal design loading conditions — The maximum loading 
obtained from eitlier maximum steady or steady state 
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condition with loading equal to normal maximum ground 
water pressure and no internal pressure, or maximum 
difference in levels between hydraulic gradient in the 
tunnel, under steady state or static conditions and the 
maximum downsurge under normal transient operation. 

2) Extreme design loading conditions-Loading equal to the 
maximum difference in levels between the hydraulic gradient 
in the tunnel under static conditions and the maximum 
downsurge under extreme transient operation or the 
difference between the hydraulic gradient and the tunnel 
invert level in case of tunnel empty conditions. 

d) Internal Design Water Pressure! see7.9 ) 

1) Normal design loading conditions — Maximum static conditions 
corresponding to maximum water level in the head pond, 
or loading equal to the difference in levels between the 
maximum upsurge occurring under normal transient opera- 
tion and the tunnel centre line. 

2) Extreme design loading conditions — Loading equal to the differ- 
ence between the highest level of hydraulic gradientin 
the tunnel under emergency transient operation and the 
tunnel centre line. 

e) Seismic Forces — See Note. 

Note -According to the prevailing practice the tunnel lining is not designed 
for seismic forces unless the tunnel crosses an active fault in which case some 
flexibility is provided at that section to allow for some movement in case of an 
earthqual<e. However, at locations where studies indicate that seismic forces 
will be significant they shall be catered for in the design. 

5.3 Design Loading for Shafts — The design loading for the shaft walls 
shall in general be the external earth and ground water pressures. The 
earth pressure will vary according to the material through which the shaft 
is excavated and may be computed from the Rankine, Coulomb or slip 
circle theories in the same way as for retaining walls. Thismay be 
considered as uniformly distributed along the perimeter of the shaft except 
where the material changes in its properties such as in case of steep sloping 
rock overlain by overburden in which case the differential pressures should 
be suitably reckoned. 

5.3.1 If compressed air sinking is applied, force due to this aspect shall 
also be taken into account. 

5.3>2 If a mantle of thixotropicfluid is uied between the walls of shaft and 
the surrounding soil the resulting reduction in the frictional and external 
earth pressures with full hydrostatic pressure may be accounted for. 
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5.3.3 The shaft wall shall also be dimensioned against the axial stresses for 
tension and bending likely to be encountered during the course of uneven 
or sudden sinking. 

5.3.4 For preliminary estimating the wall thickness may be assumed to 
be equal to about 8 percent of the shaft diameter. 

5.3.5 Circular shafts are preferable as the most straight forward. If 
other sections ( e.g. rectangular ) are selected for other considerations, they 
shall be dealt \vith as closed frame and corners rounded suitably to reduce 
concentration of'stresscs. 

5.4 The loading conditions vary from construction stage to operation stage 
and from operation stage to maintenance stage. .The design shall be 
checked for all probable combinations of loading conditions likely to come 
on it during all the above stages. 

6. STRESSES 

6.1 For design of final concrete lining, the thickness of concrete up to 
A-line shall be considered. Concrete placed as primary concrete will be 
neglected in the design and its strength can be less than the strength speci- 
fied for the final lining. The stresses, for concrete and reinforcement shall 
be in accordance with IS : 456-1964* for design of lining for normal load 
conditions and shall be increased by 33-1/3 percent for extreme load 
conditions. 

7 DESIGN 

7.1 The design of concrete lining of tunnel can only be an intelligent 
provision for catering to unknown forces and reactions and support 
conditions. Until reliable data on behaviour of lining is obtained, it is 
recommended to use approximate methods. 

7.2 The elastic behaviour ( including flexibility) of the tunnel supports and 
the primary lining shall be taken into account while designing the lining. 

7.3 Design of steel supports, assisted by primary concrete, shall cater for 
external loads that will develop before final lining is placed. The final 
lining shall cater for the loads likely to develop after placing of the primary 
lining and when the work is in operation. 

J. 4 While designing the final lining the fact that the primary lining and 
the steel support will also participate in resisting the forces, shall be taken 
into consideration. 

Note -To ensure this condition of support tlie gap between the strata andlining 
shall be fully closed by grouting and the rock around the tunnel for a distance of at 
least one diameter shall be strengthened by grouting under pressure. 



*Code of practice for plain and reinforced concrete ( itcond revision ), 
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7.5 In the case of granular soils and clays, the external load will be taken 
by the steel supports and primary concrete fully. This lining shall be 
designed using methods similar to design of culverts on soils. The height 
of overburden may be the height as calculated by the formula given in 
Appendix B . 

Note -It is essential that the gap between strata and the support lining is fully 
baclcfilled and grouted at a pressure, not exceeding 2 l<g/cm* immediately after the 
supports and lining are placed, 

7.6 The thickness of the lining shall be designed such that the stresses in 
it are within permissible limits when the most adverse load conditions 
occur. The minimum thickness of the lining will, however, be governed 
by requirements of construction. It is recommended that the minimum 
thickness of plain concrete lining should be 15 cm for manual placement. 
Where mechanical placement is contemplated the thickness, of the lining 
at the crown shall be such that the slick line may be easily introduced on 
the top of the shutter without being obstructed by steel supports. For a 
15 cm slick line a clear space of 18 cm is recommended. For reinforced 
concrete lining, a minimum thickness of 30 cm at the crown is recom- 
mended, the reinforcement, however, being arranged in the crown to allow 
for proper placement of slick line. 

7.6.1 For preliminary designs, the thickness of lining maybe assumed 
to be 6 cm/m of the finished diameter of the tunnel in the case ofsqft 
strata and 12 cm/m of finished diameter in the case of soils. 

7.6.2 Where structural steel supports are used, they shall be considered 
as reinforcement only, if they can be made effective as reinforcement by use 
of high tensile bolts/at the joints and/or by proper welding of the joints. 
A minimum cover of 15 cm shall be provided over the inner flange of steel 
supports and a minimum cover of 8 cm over the reinforcement bars, 

7.7 External Loads from Strata — The determination of the magnitude 
of the rock load on the supporting structures of the tunnel is a complex 
problem. This complexity is due to the inherent difficulty of predicting 

the primary stress conditions in the strata ( prior to excavation ), and also 
due to the fact that the magnitude of the secondary pressures developing 
after the excavation of the cavity, depend on a large number of variables, 
such as size of cavity, method of excavation, period of time elapsing before 
the strata is supported, the rigidity of supports, deformation modulus of 
the surrounding strata, etc. 

7.7.1 Secondary external pressure, in general, is understood as the 
weight of the mass of strata some height above the tunnel which when left 
unsupported would gradually drop out of the roof. This pressure may 
develop not only immediately after excavation, but also over period of time 
after excavation due to adjustment of displacements, in the strata. The 
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loads are carried both by the tunnel lining and the surrounding strata and 
this fact shall be considered in design. 

7.7.1.1 In the case of granular soils, the loads and side pressures are 
influenced by the physical properties of the soils. In clays, the water content 
and plasticity of the clays also affects the pressures on the tunnel linings. 

7.7.1.2 In the absence of any data and investigations, it isrecommed- 
ed that the rock loads may be assumed to be acting as uniformly distributed 
loads and the magnitude assumed as indicated in Appendix B. 

7.7.2 External Pressure of Water-The lining shall be designed for 
external water pressure, if any ( see 5.2). 

7.7.3 Self Weight of Lining -The lining will be in close contact with the 
strata and its weight is distributed over the periphery by frictional forces. 
However, the weight shall be considered as a uniformly distributed load 
on the invert ( lower half) of the section. 

7.7.4 Weight of Water Contained in the Tunnel — This shall be considered 
only for tunnels in soft strata and soils. 

7.7.5 Superimposed Live Loads -These do not materially affect the 
tunnels in soft strata- vvkgl-e the diameter of the tunnel is small and the 
depth of overburden i§* large. In case of tunnels where the overburden 
is less, full superimposed load on the basis of normal distribution of loads 
in foundation strata should be considered in addition to the overburden 
loads on the tunnel. 

Note — It may be said that negligible load is transmitted at a depth of more than 
3 times the width of the structure causing the superimposed load. 

7.7.6 Side Thrusts or Pressures, Active or Passive — In the case of tunnels 
in soft strata, side pressures may exist. The magnitude of these pressures 
may be estimated on lines similar to the procedure for soils. In case of 
soils the side pressures may be taken as proportional to the vertical press- 
ures and may be determined by classical theories of soil mechanics. The 
passive pressures will develop only when there is a deformation. In soft 
strata and soils, for tunnels constructed with due precautions of grouting 
around the periphery ensuring a close contact, the passive pressures may 
be relied upon to bring about a re-distribution of loads. 

7.8 Since continuous contact is assumed to be established due to grouting, 
the strata around and lining both will act and share the loads and deforma- 
tions Passive pressures may be assumed to be called into play and 
considered in design. 

7.8.1 In the case of tunnels in soft strata and soil, the moments and 
thrusts may be calculated as indicated in Table 1. 

Note — The same theory is used for design of culverts. 

10 
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No- 



lo ADiNO 
Condition 



Moment 

= M 
Normal 

Force 
= N 



TABLE 1 CALCULATION OF MOMENTS AND THRUSTS IN CIRCULAR 
CULVERTS IS SOIL FOR «' = 90^" 
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Bbddiso* 



( Crown ) 



(C/auiff 7.8.1 J 



( Quarter Point ) 

BEDD7NG* 



( Sprinoiko ) 

BeODINQ* 



a= 135' 
Quarter Point ) 
Bedding* 


(t^ 180" 
( Bottom ) 
Bedding* 



i) Dead load 

i) Interna? water 
pressure 

ii) External water 
pressure 



M/pr' 
Wpr 

A//Y,-r> 
A/Y.-r' 



+ 0-344 a + 0-272 5 
-0-166 7 

+ 0-1724 -0.1363 

-0-583 3 -0-500 



0-033 5 
0-437 5 



+ 0-OiOO 

+ 0555 4 



-0392 7 -0-2983 -0035 5 +0-0100 -f 0-440 6 +0-2725 
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4 0168 +0-005 
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pressure i n 
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distributed Nlfrl I) 

vertical earth 
pressure 
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distribution 
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Note I -The above formulae for both tedding conditions were also derived by Marquardt tor the case of partial embedment. 

NOTB 2 — Y'^^^nsity of sail 

\, = tan' ( 45° - ^/2 ) 

p — density of concrete 
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7.8.2 For non-circular lining, it would be necessary to conduct model 
tests to determine the stress distributions. However, the design may be 
done assuming uniformly distributed loads as in the case of circular tunnels, 
and using the same distribution for passive pressures. The design of such 
indeterminate sections may be done by accepted methods and is not covered 
by this standard. 

7.9 Design for Internal Waterpressure-The design for internal 

water pressure shall be done by considering the lining and surrounding 
strata, if the strata after grouting is capable of sustaining a part of the 
internal pressure as a composite thick cylinder. In such a design, the 
primary concrete may be treated as a part of the thick cylinder. 

NOTE-ThiS metliod suffers from uncertainties of external loads, material properties 
and indeterminate tectonic forces. In this method the strata surrounding the tunnels 
is assumed to have reasonably uniform characteristics and strength and that effective 
pressure grouting has been done to validate the assumption that concrete lining and 
surrounding strata behave as a composite cylinder. Ihe grout fills the cracks and 
voids in the strata and thus reduces its ability to deform inelastically and increases the 
modulus of deformation. If the grout pressures are high enough to cause sufficient 
prestress in the lining the effect of temperature and drying shrinkage andinelastitf 
deformation might be completely counteracted, 

7.9.1 For analyzing a circular lining the method given in AppendixG 
may be adopted. The design shall be such that at no point in the lining 
and the surrounding rock the stresses exceed the permissible limits. 

Note — if the rock is not good, tensile stress in concrete may exceed the allowable 
limit and in such a case, reinforcement may be provided. Reinforcement, however, is 
not capable of reducing the tensile stresses to a considerable extent. By suitable arrange- 
ment, it will help to distribute the cracks on the whole periphery in the form of hair 
cracks which are not harmful because they may get closed in course of time, or at least 
they will not result iij serious leakage. 

7.9.2 For analyzing non-circular linings, the stress pattern may be 
determined by photo-elastic studies. 

8.GR0UND WATER DRAINAGE HOLES 

8.1 Drainage holes may be often provided in other than water conveying 
tunnels to relieve external pressure, if any, caused by seepage along the 
outside of the tunnel lining. It is recommended that drainage holes may 
be spaced at 6-m centres, at intermediate locations between the grout 
rings. At successive sections, one vertical hole may be drilled near the 
crown alternating with two drilled horizontal holes, one in each side wall. 
Drainage holes shall extend to a minimum of 15 cm beyond the back 
of the lining or grouted zone. Where suitable, drains encased in suitable 
graded material, running along the tunnel may be provided by the sides 
of invert lining with provision of weep holes opening into the tunnel. 

8.1.1 In free flowing tunnels drainage holes may be provided above the 
full supply level. In the case of pressure tunnels, if external water 
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pressure is substantially more than the internal water pressure, drainge 
holes may be provided at suitable locations with filters, where necessary, to 
prevent washing of mountain material into the tunnel. However, when it 
is not possible to prevent washing of the mountain material into the tunnel 
drainage holes shall not be provided, if instability is likely to be caused 
by such washing. 

8.1.2 If conveyance of water is through a free pipe located in a tunnel, 
the horizontal drainage holes shall be drilled near the invert. 

9. GROUTING 

9.1 Backfill Grouting — Backfill grouting shall be done throughout the 
length of the concrete lining not earlier than 21 days after the placement 
of the concrete lining. Stresses likely to develop in concrete at the specified 
grout pressure may be calculated and seen whether they are within 
permissible limits depending on the strength attained by concrete by then. 
Generally the 21 days strength of concrete is sufficient to withstand normal 
grout pressure which may not exceed about 5 kg/cm^. 

Note -Backfill grouting serves to fill voids and cavities between concrete lining and 
the surrounding strata. This is generally found necessary near thecrown region and 
may generally extend to not more than 60° angle for circular roof, For flatter arches, 
the extent may be more. 

9.2 Consolidation Grouting or Pressure Grouting — Pressure grouting 
shall be done at a maximum practicable pressure consistent with the strength 

of lining and safety against uplift of overburden. The depth of grout 
holes shall be as directed. 

N OTE 1 -Pressure grouting consolidates the surrounding strata and fills any gaps 
caused by shrinkages of concrete. This grouting is normally specified, to improve yield 
characteristics and thereby the resistance of strata to carry internal water Pressure. As 
a rule of thumb a grout pressure of 1'5 times the internal water pressure in the tunnel 
may be used subject to the condition that safety against uplift of overburden is ensured. 
Grout pressures of upto 5 to 10 times the water pressure in the tunncT-have been 
used in some cases. 

Note 2 — It is advantageous to provide a grout curtain by means ot tStt'ensive deep 
grouting at the reservoir end of the tunnel to reduce heavy seepage ofv^%ter and thereby 
reduce the external water pressure on the lining likely to be developed. 

9.3 Grouting shall generally be carried out according to IS: 5878 
( Part VII )-1972*. 



*CoJe of practice for construction of tunnels: Part VII Grouting (undtr print). 
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APPENDIX A 
(Clause 5.2) 

BASIC CONDITIONS FOR INCLUDING THE EFFECT 
OF WATER HAMMER IN THE DESIGN 

A-l. GENERAL 

A-1.1 The basic conditions for including effect of water hammer in the 
design of tunnels or turbine penstock installations are divided into normal 
and emergency conditions with sCiitSble factors of safety assigned to each 
type of operation. 

A-2. NORMAL CONDITIONS OF OPERATIONS 
A-2.1 The basic conditions to be considered are as follows: 

a) Turbine penstock ihstallati6n may be operated at any head 
between the maximum and minimum values of forebay water 
surface ele/ation. 

b) Turbine gates may be moved at any rate of speed by action of the 

governor head up to a predetermined rate, or at a slower rate by 
manual control through the auxiliary relay valve. 

c) The turbine may be operating at any gate position and be 
required to add or drop any or all of its load. 

d) If the turbine penstock installation is equipped with any of the 
following pressure controlled devices it will be assumed that these 
devices are properly adjusted and function in all manner for 
which the equipment is designed: 

1) Surge tanks, 

2) Relief valves,, 

3) Governor control apparatus, 

4) Cushioning stroke device, and 

5) Any other pressure control device. 

e) U niess the actual turbine characteristics are known, the effective 
area through the turbine gates during the maximum rate of gate 
movement will betaken as a linear relation with reference to tima 

f) The water hammer effects shall be computed on the basis of 
governor head action for the governor rate which is actually set 
on the turbine for speed regulation. If the relay valve stops are 
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adjusted to give a slower governor setting, than that for which the 
governor is designed this shall be determined prior to proceeding 
with the design of turbine penstock installation and later adhered 
to at the power plant so that an economical basis for designing the 
penstock scroll case, etc, under normal operating conditions can 
be established. 

g) In those instances, where due to higher reservoir elevation, it is 
necessary to set the stops on the main relay valve for a lower rate 
of gate movement, water hammer effects will be computed for 
this slower rate of gate movement also. 

h) The reduction in head at various points along the penstock will 
be computed for rate of gate opening which is actually set in the 
governor in those cases where it appears that the profile of the 
penstock is unfavourable. This minimum pressure will then be 
used as a basis for normal design of the penstock to insure that 
sub-atmospheric pressures will not cause a penstock failure due to 
collapse. 

j) If a surge is present in the penstock system, the upsurge in the 
surge tank will be computed for the maximum reservoir level 
condition for the rejection of the turbine flow which corresponds 
to the rated output of the generator during the gate traversing 
time which is actually set on the governor. 

k) The downsurge in the surge tank will be computed for minimum 
reservoir leve^condition for a load addition from speed-no-load to 
the full gate position during the gate traversing time which is 
actually set on the governor. 

A-3. EMERGENCY CONDITIONS 

A -3.1 The basic conditions to beconsidered as an emergency operation 
are as follows: 

a) The turbine gates may be closed at any time by the action of the 
governor head, manual control knob with the main relay valve or 
the emergency solenoid device. 

b) The cushioning stroke will be assumed to be inoperative. 

c) If a relief valve is present, it will be assumed inoperative. 

d) The gate traversing time will be taken as the minimum time for 
which the governor is designed. 

e) The maximum head including water hammer at the turbine and 
along the length of the penstock will be computed for the 
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maximum reservoir head condition for final part gate closure to 
the zero gate position at the maximum governor rate in 

2L 

seconds 

a 

where 

L == the length of penstock, and 

a = wave velocity. 

f) If a surge tank is present in the penstock system, the upsurge in 
the tank will be computed for the maximum reservoir head con- 
dition for the rejections of full gate turbine flow at the maximum 
rate for which the governor is designed. The downsurge in 
the surge tank will be computed for the minimum reservoir 
head condition for full gate opening from the speed-no-load 
position at the maximum rate for which 'the governor is designed. 
In determining the top and bottom elevations of the surge tank 
nothing will be added to the upsurge and downsurge for this 
emergency condition of operation. 

A-4. EMERGENCY CONDITIONS NOT TO BE CONSIDERED AS 
A BASIS FOR DESIGN 

A-4.1 The other possible emergency conditions of operation are those 
during which certain pieces of control are assumed to malfunction in the 
most unfavourable manner. The most severe emergency head rise in a 
turbine penstock installation occurs from either of the two following 
conditions of operation: 

2L 

a) Rapid closure of turbine gates in less than seconds when the 

a 

flow of water in the penstock is maximum. 

b) Rhythmic opening and closing of the turbine gates when a 

4L 

complete cycle of gate operation is performed in seconds. 

a 

A-4. 1.1 Since these conditions of operation require a complete malfunc- 
tioning of the governor control apparatus at the most unfavourable 
moment, the probability of obtaining this type of operation is exceedingly 
remote. Hence the conditions shall not be used as a basis for design. 
However, after the design has been established from other considerations it 
is desirable that the stresses in the turbine scroll case penstock and 
pressure control devices be not in excess of the ultimate bursting strength 
or twisting strength of structures for these emergency conditions of 
operation. 
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APPENDIX B 

(Clauses 7.5 and 7.7.1.2) 

STRATA LOADS OF TUNNEL LINING 



B-l. SCOPE 

B-1,1 This appendix gives several alternative methods for evaluating loads 
from strata on tunnel lining, 

B-2. LOAI? DISTRIBUTION 

B-2.1 The load may be assumed as an equivalent uniformly distributed load 
over the tunnel soffit over a span equal to the tunnel width or diameter as 
the case may be. 

B-3. LOAD 

B-3.1 External loads from the strata may be estimated from the data given 
in B-3. 1.1 to B-3. 1.3 for using the appropriate characteristics of the strata. 

, B-3. 1.1 Rock load Hp on the roof of support in tunnel with width B and 
• lieight//tj at depth of more than 1 "5 (B + Hi) may be assumed to be 
according to Table 2. In case of depths less than 1*5 ( B -}- i/u ) full may 
be taken. 





TABLE 2 ROCK LOAD ON TUNNELS IN LOOSENING 
TYPE OF ROCK 


Sl 
No. 


Rock Condition 


Rock Load H, 
m 


Remark* 


(1) 


(2) 


(3) 


(4) 


i) 


Hard and intact 


Zero 


Liglit lining required 
only if spalling or 
popping occurs 


«) 


Hard stratified or 

Khistose 


to 0-50 B 


Light support 


iii) 


Massive, moderately 
jointed 


to 0-25 5 


Load may change erra- 
tically from point to 
point 



iv) Moderately blocky {0'2iXoQ'Zb){B + Hf) N o side pressure 
and seamy 



(Continue 
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Si- 
No. 

(1) 

V) 

vi) 



TABLE 2 . ROCK 
TY 

Rock Condition 



LOAD ON TUNNELS IN LOOSENING 
PE OF ROCK —Contd 



(2) 

Very blocky and seamy 

Completely crushed 
but chemically intact 



vii) Squeezing rock 

viii) Squeezing rock, great 
depth 

ix) Swelling rock 



Rock Load Hp 
m 

(3) 
(0-35tol-10)(5 + «^,) 

1-\0{B + Ht) 



(1-10 to 2-10) (fi + Ht) 

(2-10 to 4-50) (B +//<) 

Up to 80 m irrespective 
ofvalueof(B + ««) 



Remarks 



(4) 
Little or no side pressure 

Considerable side pressure. 
Softening effect of 
seepage towards bottom 
of tunnel. Requires 
either continuous 

support for lower ends 
of ribs or circular ribs 

Heavy side pressure. 
Invert struts required 

Circular ribs are recom- 
mended 

Circular ribs required. 
In extreme cases use 
yeilding support 



Note I — This table has been arrived on the basis of observations and behaviour 
of supports in Alpine tunnels where the load was designed mainly for loosening 
type of rock and gives conservative values. 

Note 2 — The roof of the tunnel is assumed to be located below the water table. If 
it is located permanently above the water table.the values given for types 4 to 6 may 
be reduced by fifty percent. 

NoTS 3 — Some of the most common rock formations contain layers of shale. In an 
un weathered state, real shales are no worse than other stratified rocks. However, the 
term shale is often applied to firmly compacted clay sediments which have not yet 
acquired the properties of rock. Such so called shale may behave in the tunnel like 
squeezing or even swelling rock. 

Note 4 -If rock formation consists of sequence of horizontal layers of sand-stone or 
lime stone and of immature shale, the excavation of the tunnel is commonly associated 
with a gradual compression of the rock on both sides of the tunnel, involving a 
downward movement of the roof. Furthermore, the relatively low resistance against 
slippage at the boundaries between the so called shale and rock is likely to reduce very 
considerably the capacity of rock located above the roof to bridge. Hence, in such 
rock formations, the roof pressure may be as heavy as in a very blocky and seamy rock. 



B-3.1.2 The rock load according to the Russian practice depends upon 
the degree of rock firmness. The strength factors after Protodyakonov are 
given in Table 3. With cover-depth sufficiently deep for arching action, 
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the rock load will be defined by the area enclosed by the arch ^ee Fig. 1 ) 
and assumed to act over the diameter of the tunnel. ' 




Fio. 1 Assumed Load on a Circular Cavity 



The dimensions of the arch may be obtained from the formulae: 



A = 



B_ 
2/ 



where 



5 =* + 2m tan ( 45" -<^/2) 

f = the strength factor of Protodyakonov (see Tables ), 

J = width of tunnel, 

m » height of tunnel, and 

<f> =s the angle of repose of the soil. 
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OORV 



II 
III 

Ilia 

IV 
IVa 

V 

Va 
VI 

Via 



Vila 

VIM 

IX 
X 



Strength 

G RADE 

Highest 
Very high 

High 



High 

ivioderately 
strong 

ivioderately 
strong 

IMedium 

IMedium 
ivioderately 
loose 



Moderately 
loose 

Loose 

Loose 

Soils 

Granular soils 
Plastic soils 



TABLE 3 STRENGTH FACTORS 

(CTaiM«B-3.1.2) 

Denotation OF Rock ( Soil ) 



Solid, dense quartzite, basalt and other 

solid rocks of exceptionally high strength 
Solid granite, quartzporphyr, silica shale, 

highly resistive sandstones and- 

limestones 
Granite and alil<e, very resistive sand and 

limestones; quartz; solid conglo- 

nierate$ 
Lim^tone, weathered granite, solid 

sandstone, marble 
Normal sandstone 

Sandstone shales 

Clay-shales, sand and limestones of 

smaller resistance, loose conglomerates 
Various shales and slates, dense marble 
Loose shale and very loose limestone, 

gypsum, frozen ground, common marl, 

blocl<y sandstone, cemented gravel and 

boulders, stony ground 
Gravelly ground, blocl<y and fizzured 

shale, compressed boulders and gravel, 

hard day 
Dense clay, cohesive ballast, clayey 

ground 
Loose loam, loose gravel 
Soil with vegetation, peat, soft loam, wet 

sand 
Sand, fine gravel, upfill 
Silty ground, modified loose and other 

soils in liquid condition 



Unit Weight 
(kg/cm») 


Crushing 

STRENGTH 

(kg/cm») 


Strength 
Factor 

f 


2 800-3 000 


2000 


20 


2 600-2 700 


1500 


15 


2 500-2 600 


1000 


15 


2 500 


800 


8 


2400 


600 


6 


2300 


500 


5 


2 400-2 600 


400 


4 


2 400-2 800 
2 200-2 600 


300 
200-150 


3 
2 


2 200-2 400 


_ 


1-5 


2000-2200 


— 


10 


1800-2 000 
1600-1800 





0-8 
0-6 


1400-1600 


— 


0-5 



0-3 
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In the case of circular tunnels, this can be reduced to: 
B = <//! + 2 tan ( 45" ~<f>l2 )] 
, B 

where 

cf= diameter of the tunnel. 

The load may be taken as uniformly distributed over the diameter of 
the tunnel. 

B-3.1.3 For soils and soft rocks, the unit pressure may be assessed by 
using Terzaghi's theory: 

where 

P^ = unit pressure due to load; 

B =2r^+mtan (45°~<^/2)]; 

Y == unit weight of overburden ( assume saturated weight if 
tunnel is in saturated soil ); 

C = co-efficient of cohesion; 

b = width of tunnel ( diameter for circular tunnel ) ; 

m =, height of tunnel ( diameter for circular tunnel ); 

<j> = angle of internal friction; 

iT == an emperical factor, which increases from 1 "0 for H = 5, 
to rS for H = 2'5 B and beyond; and 

H = height of overburden above tunnel crown. 

B-4. LATERAL PRESSURE 

B-4.1 Lateral pressures in soils m»y be determined approximately from 
earth pressure theory as a product cr,vertical load and earth pressure co- 
efficient. Some pressures noted indicate that lateral pressures may range 
from one-fourth to one-third the roof loads. 

a) According to Terzaghi a rough estimate of horizontal pressure 
ph is given by: 

/>ft = 0-3Y (0-5 m+h„) 
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where 

Y = density of soil, 

m= height of tunnel section, and 
hj^ = height of loosening core representing the roof load. 

h) In granular soils and rock debris: 

p^=yHtanH 45" ~4>I2) 
where 

Y = density of soil, 

H = height of overburden above tunnel crown, and 
<j> s= angle of internal friction. 

c) In cohesive soils the pressure at the crown «^ and pressure at the 
invert e^ may be calculated according to the method* given 
below: 

e^ = h tan^ ( 45° - ^/2 ) - 2C tan ( 45" - ^/2 ) 

e« = ( A + m Y ) tan* ( 45" — <^/2 ) — 2C tan ( 45° - ^/2 ) 

where 

h = height corresponding to vertical load, 
<f> = angle of internal friction, 
c = cohesion co-efficient, 
m = height of tunnel section, and 
Y = density of soil. 

d) The lateral active pressure may be increased to take into account 
the passive resistance developed due to deformation of the lining. 

APPENDIX C 
(Clause 7.9.1) 

BASIC EQUATIONS FOR ANALYSIS OF TUNNEL LINING 

CONSIDERING IT AND THE SURROUNDING ROCK AS 

A COMPOSITE CYLINDER 

C-l. SCOPE 

C-I.l This appendix contains basic equations for calculating radial and 
tangential stresses in concrete lining and the surrounding rock mass consider- 
ing both as parts of a composite cylinder. 



*Soviet practice. 
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C-2. NOTATIONS 

C-2.1 For this appendix the following notations shall apply: 

p = internal hydrostatic pressure ( negative : compression ) ; 
(Sf , a( , df = tangential stress in rock, concrete and steel respectively; 

Oj. , Gj. , a^ = radial stress in rock, concrete and steel respectively; 

El, E2, E^ = modulus of elasticity of rock, concrete and steel 
respectively; 

"•u '"2 — Poisson's ratio of rock and concrete respectively; 

^i» Uf, Uf = radial deformation in rock concrete and steel res- 
pectively; 

X = radius of element; 

B,C,etc= integration constants; 

A, = area of reinforcement per unit length of tunnel; 

a = iakrnal diameter of the tunnel; and 

b = external diameter of the lining up to A-line. 

C-3. BASIC EQUATIONS 

C4>1 Plain cement concrete lining considering that it is not cracked. 

U^Bx + Cjx 

C-3.13 Limit Conditions 

a) When X = 00,af^= 

b) When x - b, a,.^ = c^^ 

c) When x « *, a, - — p 

d) Whenx = *, t/, = £/g 
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C-3.2 Plain cement concrete lining considering that it is cracked 

a) For rock: 

b) For concrete: 

a(c, )it-o 
CT„ = 



cf =s ( since concrete does not take any tangential stress ) 

C-3.2. 1 Limit Conditions 

a) When x = CO,a^ — 

b) When * = 6, ff_ — o_ 

^1 '9 

c) Whenx = a, <j_ = — p 
C-3.2. 1.1 Constants are given by: 

a.b.p.{mi+ 1 ) 

(Orj)«-a= -P 

C-3.3 Plain cement concrete lining considering that it is cracked and 
surrounding rock also is cracked for a distanc;e equal to a radius y beyond 
which rock is massive and uncracked 

a) For concrete: 

ft * 



a, =0 
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b) For cracked rock: 



u» ' = 



"t,: = 

Note — Symbols <y , and <T, , refer to cracked zone of rock. 

c) For surrounding uncracked rock: 






C-3.3.1 Limit Conditions 
ci) At x = 6o, a^ =0 

b) At a: = y, o, = o» ' 

-" ^1 .J 

c) At X = 6, <J_ = CTr f 

'2 1 

d ) Atx = a,a^^=—p 



C-3>4 Reinforced cement concrete lining considering that it is not cracked 





U = 


: 5Ar + C/:¥ 




% = 


i^i..« + . 




% = 


^(«- 


C-3.4.1 Limit Conditions 


a) 


At * = 


00,c,^= 


b) 


At X = 


: 6, O^^ = 0;.^ 



c. 



) 



2 

=; At ;f = a, (T_ — (T, = ~ p 

d ) A t X = b , t/x = i/g 
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C -3.4.1 ,1 Constants are given by: 

„ / £g«4(»ii+I) \ „ ( gg m, ( m^ + 1 ) \ D 12 

C-3.5 Reinforced cement concrete lining considering that it is cracked and 
that because of radial cracks.it cannot take tangential tensile stress 



a) 


For 


rock: 








% = 


El mi Ci 




{mi+irx- 






"r,- 


-\ 






t/i = 


Ci 

X 


b) 


For 


concrete: 






x = 









<^r,= 


«(<Jr,)«-« 




X 






t/,= 


a ( o^j )« - « 




£. 


c) 


For 


steel: 








"1.= 


A. 



log bja 



Ea A, 



C-3.5.1 Constants are gh'e« hj. 

f „ \ — pami EiEz 

^ Or J* - a 



aniiEiE^ + miEiE^A, log ( 6/a ) + ( m^ + 1 ) £j£3^. 



- a& ( mi + 1 ) ( ff, )„ _ „ 

°H =( "^fj )«-<»+ Z' 
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AMENDMENT NO. 2 APRIL 2008 

TO 

IS 4880 (PART 5) : 1972 CODE OF PRACTICE FOR 

DESIGN OF TUNNELS CONVEYING WATER 

PART 5 STRUCTURAL DESIGN OF CONCRETE 
LINING IN SOFT STRATA AND SOILS 



(Page 22, clause B-3.U): 



B 



>p -. 



a) Substitute '^v 



2C 



2ibtan^ 



[_^(-2KH/B)ti>iiA 



for 



B 



2C 



TKtan^ 



l-e ° 



b) Substitute 'C " cohesion';^ 'C - co-efficient of c(riiesioa\ 
[Pc^e 23, dame B-44(c)]: 

a) Substitute 'ei'/or '«'• and 'ea'/w V'. 

b) Substitute '«, - A y tan* (45* - ill) - 2C tan (45* - ^/2) '/or 
•e' = A tan* (45* - ^/2) - 2C tan (45* - #/2) '. 

c) Substitute 'ei" (A + «)Y tan' (45*- ^/2) -2Ctan(45'- ^/2)'/or 
V- (A + my) tan* (45*- ^/2) -2Ctan(45*- ^/2). 

d) Substitute 'C » coliesion'/9r 'C » co-efficient of cohesion'. 
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AMEND ^ENT NO, 1 MARCH 1986 

TO 

IS:4880{Part5)-1972 CODE OF PRACTICE FOR DESIGN OF 

TUNNELS CONVEYING WATER 

PART 5 STRUCTURAL DESIGN OF CONCRETE 
LINING IN SOFT STRATA AND SOILS 



{Page 24, clause C-2.1, line?) - Substitute the 
following for the existing line: 

"m , ffL ■= Poisson's number of rock and concrete 
respectively; " 

{Fage 24, clause C-2.1, linee Id and 74) - 

Substitute the following for the existing lines: 

•'a - internal radius of the tunnel; and 
b » external radius of the lining -up to A-line. 
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